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Mechanical Properties of Nanocrystalline and Amorphous

Gallium Oxide Thin Films

Anil K. Battu and Chintalapalle V. Ramana*

Nanocrystalline and amorphous Ga203 films (=200 nm) with variable
structural quality are produced by sputter-deposition by varying the substrate
temperature (T, =25-700°C). The effect of T; is significant on the micro-
structure and mechanical behavior of Ga,0O; films. The variation in mechani-
cal behavior studied by nano-indentation and nano-scratch testing reveal
distinct trends, which are directly related to the structure and morphology of
Ga,0; films. All the Ga, O3 films deposited at T, < 500°C are amorphous; the
amorphous-to-crystalline transformation occurs at T, =500°C. Ga,O; films
deposited at T, >500°C are nanocrystalline, B-phase. The corresponding
mechanical characteristics, namely the hardness (H) and elastic modulus

(E,), show a strong correlation with structural characteristics. The H and E,
increases from 17 to 27 GPa and 250 to 290 GPa, respectively, with increasing
T from 25 to 700 °C. The plasticity index, which is the ratio of H/E,, is
almost constant for the Ga,O; films. The strain-rate sensitivity measurements
performed to determine the applicability in practical applications indicate the
best performance of size controlled, nanocrystalline Ga,0O; films, which can
be mechanically regarded as nano-composite structures. The mechanical
characteristics, scratch behavior, and strain rate sensitivity indicate the role
of microstructure on the mechanical performance of Ga,0; films.

identified as the promising candidate mate-
rial for many technological applications in
electronics, photonics, electro-optics, opto-
electronics, photo-catalysis, chemical sens-
ing, and magneto electronics."**” Tt has
been shown that Ga,05 with wide band gap
exhibits acceptable photocatalytic perfor-
mance to decompose different pollutants
or organic dyes under UV and visible-light
irradiation at different phases, stoichiome-
tries, and morphologies. Under optimized
conditions, Ga,03 has been shown to have a
better photocatalytic performance in com-
parison to commercial TiO, particles, due to
its ability to provide photogenerated charge
carriers with more suitable redox potentials,
leading to higher driving forces for photo-
catalysis.”g] Ga,0; exhibits diverse struc-
tures, quite interesting material properties,
and thermodynamic stability.>****! Thin
films and nanostructures of Ga,0; find
numerous applications in high-temperature
sensors, electronics, luminescent phos-

1. Introduction

Over the past 20 years, a great deal of research efforts have been
directed toward the development of oxide semiconductor devices
for practical applications in several industries."” Generally, the
promising advantages of wide band gap oxides have attracted the
scientific and engineering research community to utilize them in
electronics, photonics, catalysis, electro-optics, integrated sensors,
magneto-electronics, photovoltaics, and other energy related
applications.>® Very high level of tolerance to the high applied
electric fields and high break-down electric field, which increase
with the magnitude of energy gap, are quite attractive features of
these oxides for utilization in high power and high frequency
devices."*% Among these wide band gap oxides, the scientific and
technical merits and potential of gallium oxide (Ga,03) have been
widely recognized. Ga,03, which is a stable oxide of Ga, has been
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phors, antireflection coatings, lithium bat-

teries, and solar cells."*?1-24 Currently, the

innovative approaches to tailor the function-

ality and/or promising future applications
are driving the scientific and research thrustin single-phase Ga,0;
as well as Ga,0;-based multi-component architectures or hybrid
materials with nanostructured morphologies. However, control
over the phase, structure, and mechanical and electronic
properties is the key for their integration into practical device
applications.

Gallium oxide exhibits polymorphism. The a, f, 7, §, and ¢
phases of Ga,03 are widely known.'*'®%27 Among these
polymorphs, monoclinic -Ga,0j is thermally stable with a band
gap of ~5eV and high breakdown field 8 MV cm™".** -Ga,0,
exhibits n-type conductivity, which is related to donor centers
involving oxygen vacancies and/or impurities. The high therral
stability of f-Ga, 05 (melting point~1900°C) is quite useful in the
design and development of high-temperature chemical sensors,
which can be readily used in automotive industry and power
plants.” Furthermore, the high-temperature stability coupled with
deep ultraviolet transparency makes Ga,0; based materials as the
potential candidates for chemical sensors in extreme environ-
ments and transparent electrodes in UV optoelectronics, photon-
ics, and thin-film transistors.” 31 However, in all these
applications, fundamental understanding of the structure,
thermodynamic conditions, and mechanical characteristics is
the key to achieving enhanced device performance.
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Recent developments in surface coating technology, particu-
larly in the production of nanostructured films, have revealed
exciting possibilities to control hardness and elastic modulus with
some degree of independence, thereby producing wear-resistant
surfaces with combinations of properties which were previously
unobtainable.?? Current scientific thrust to produce the so-called
“nanocomposite” coatings is directed primarily toward the design
and development of super-hard or ultrahard wear resistant
materials.?**% The performance of these nanocrystalline materi-
als is closely connected to their microstructure, phase, and also
depends on the mechanical characteristics to improve the desired
properties for a given technological application.*>% In fact, the
designing of materials must combine excellent properties, or
comparable to those of the currently used materials, with excellent
hardness and elastic modulus, good adhesion, toughness,
durability on Si with low interface stresses, which are quite
essential for their utilization in extreme environment applica-
tions, especially in automotive and coal-based power plant
industries.*”*®! Under such conditions, it becomes critical to
understand how the structural modifications (if any) affect the
properties, most importantly the mechanical characteristics
which determine their survivability. Therefore, a fundamental
understanding of the mechanical characteristics of Ga,03
nanostructures is essential for utilizing them in energy related
applications, such as absorber layers in concentrated solar power
plants and integrated sensors in oxy-combustion as encountered
in engine technologies and coal-based power plants. Under the
specific conditions, the materials’ ability and survivability to
sustain sudden impact loads or temperature fluctuations is of
major concern.*® Thus, a fundamental knowledge and a deeper
understanding of the mechanical properties and how these
characteristics depend on the microstructure is quite important to
effectively utilize Ga,O; under the presence of extreme
environment and/or energy related applications. However,
unfortunately, while Ga,O3 proven to be good candidate for such
applications, especially involving exhaust systems of engines and
energy storage and conversion technologies, the efforts to
understand the mechanical stability of Ga,0;-based nano-
materials is meager. On the other hand, in the context of evolving
new hybrid materials based on Ga,O; for energy related
applications as well as new technological applications of Ga,0s,
a fundamental knowledge of mechanical properties of intrinsic
Ga,0; films is quite important. Thus, the primary objective of this
work is to fill this knowledge gap by establishing a structure-
mechanical property relationship in nanocrystalline and amor-
phous Ga,0s films. Thus, we have focused our efforts and
employed a range of deposition conditions to produce Ga,0; films
with variable microstructure. Recent studies suggest that the
mechanical properties of Ga,0; in perfect 2D form which are
obtained from liquid metals can provide extraordinary oppor-
tunities for enhancing such characteristics.*>*!! Furthermore,
much of the recent research on nanocomposite super-hard
coatings has been focused purely on hardness; however, lately, it
has been realized that the toughness and plasticity index are
important in many of the aforementioned technological applica-
tions. Therefore, we performed a comprehensive study in order to
understand the interplay between the structure, mechanical
properties, and performance of Ga, s films which leads to obtain
strong Ga,05 sheets in future.

Adv. Eng. Mater. 2018, 20, 1701033

1701033 (2 of 10)

www.aem-journal.com

2. Experimental Section

2.1. Fabrication

The Ga,0; films were deposited onto silicon (Si) (100) wafers by
radio-frequency sputtering. All the substrates were thoroughly
cleaned and dried with nitrogen before introducing them into
the vacuum chamber, which was then evacuated to a base
pressure of 210 ® Torr. The deposition was made by sputtering
of Ga,03 ceramic target. Ga,0O3 ceramic target (Plasmaterials,
Inc.) of 2 in. diameter and 99.999% purity was employed for all
the depositions. The target was placed on a 2 in. sputter gun,
which were placed at a distance of 7cm from the substrate. A
sputtering power of 40 W was initially applied to each target
while introducing high-purity argon (Ar) into the chamber to
ignite the plasma. Once the plasma was ignited the power for
each target was increased to their respective sputtering power for
reactive deposition. The flow of Ar and oxygen (O,) were
controlled using an MKS mass flow meters. Before each
deposition, the target were pre-sputtered for 15 min with a closed
shutter above the gun. The deposition was carried out to produce
Ga-oxide films with a constant thickness of 200 (+10) nm. The
deposition time was then kept constant for sputtering of the
gallium oxide target in order to produce the Ga,0; films.
Deposition of Ga,0s; samples was carried by keeping Ga,0;
sputtering power constant at 100 W. The samples were deposited
at different substrate temperatures (T;) varying in the range from
room temperature (RT=25°C) to 700 °C. Substrate rotation is
maintained during the entire deposition time to ensure uniform
coverage on the substrate surface.

2.2. Grazing Incidence X-Ray Diffraction (GIXRD)

The gallium oxide films were characterized by performing crystal
structure, elemental composition, surface morphology, and
mechanical property measurements. The crystal structure analysis
was performed by using Grazing Incidence X-ray Diffraction
(GIXRD) equipment (Bruker D8 advance, Cu-Ka radiation, and
A=1.54A) at room temperature. The grazing incident angle was
fixed to 1° for the incoming X-ray beam, so that used to study only
surfaces and layers for the thin films. The detector scan varies from
10° to 67° at a scan speed of 0.5s step™ .

2.3. Scanning Electron Microscopy (SEM)

The surface morphology analysis was performed using high
performance and ultra-high-resolution scanning electron mi-
croscope (Hitachi S-4800). Secondary electron topographical
imaging was performed using the conductive silver paint at the
ends of the samples which are attached to sample holder by
carbon tape to avoid the charging problems.

2.4. Mechanical Properties
The deposited films were analyzed to determine their mechanical

properties; hardness (H) and reduced elastic modulus (E,) were
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obtained by nanoindentation tests (Hysitron T1750 Tribo nano-
indenter). Nanoindentation measurements were made employing a
triangular pyramid Berkovich diamond indenter with a normal
angle of 65.3° between the tip axis and the faces of the triangular
pyramid and the effective size of the apex was about 100 nm. A
commonly accepted rule suggests that the substrate measurements
can be obtained if the indentation depth is kept less than 10% of the
film thickness. At such small indentation loads, the indents on the
films can be microscopic to submicroscopic in size. So, measuring
these small indents is very difficult and not accurate. Therefore, the
most common method so far has been to gauge the size of the
indentation from the loading and unloading curves generated
during the test performance. The deformation during loading is
assumed to be both elastic and plastic tendency, whereas, during
unloading, it is assumed that only elastic displacements are
recovered which is the elastic nature of the unloading curve that
facilitates analysis. Therefore, the standard procedure was employed
to derive the mechanical properties with the help of loading and
unloading curves.[*>** The method developed by Oliver and Pharr
was employed to calculate the mechanical characteristics (Hand E,).
Using this approach, E, can be calculated by finding the stiffness (S)
of the film from the slope of the unloading curve; the relation
between E, and S can be described using:

7w S
=TS 1)
2 VA
where A is defined as the area of contact at peak load. To find the
hardness values, the same value for the area of contact is used
along with the maximum load (Ppay) in:

Pmax
H= 2
» @

Load controlled indentation tests were performed initially on
each sample to determine the maximum depth that would not be
more than 10% of the total film thickness to minimize the
substrate effect. Seventeen indents of selected 350 uN load were
performed at 0.1s™"' strain rate, and the average of H and E,
values were calculated on each sample.

Film or coating adhesion is one of the paramount character-
istics that is related the coating quality and life.***¢! The
deposited film adhesion was analyzed by nano-scratch test
(Hysitron T1750 Tribo nanoindenter). This test was performed at
room temperature under the load increments from 0 to 8000 N.
The same standard triangular pyramid Berkovich diamond
indenter tip has been used. The length of the scratch was 16 pm,

and the scratch speed was 0.18 s ..

3. Results and Discussion

3.1. Crystal Structure

The GIXRD patterns of Ga,0j3 films are shown in Figure 1 as a
function of T;. Thevery first characteristic nature that can be noted
is the clear variation in the diffraction patterns with increasing T;.
The Ga,0; films deposited at RT exhibit diffuse pattern, which did
not show any diffraction peaks, indicating the amorphous nature
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Figure 1. X-ray diffraction patterns of Ga,Os films. The effect of T; on the
evolution of patterns can be seen. The appearance of diffraction peaks and
their assignment suggest that the samples deposited at T;>500°C are
crystalline and stabilized in B-phase of Ga,0s.

of the films. The trend continues with increase in T, from RT to
500°C, at which point the presence of diffraction peaks began to
appear. The peaks evolution in the XRD pattern at T;=500°C
indicates the film crystallization at this temperature. The XRD
patterns of Ga, 05 films deposited at T; = 500-700 °C corresponds
to monoclinic f-phase (space group C2 m™ ") with identified peaks
(201), (400), (002), and (204) at 20 values of 18.95, 30.05, 31.74, and
64.17, respectively, according to of JCPDS (00-043-1012).1* It can
be noted that the (400) peak at 26 = 30.05° exhibits the dominance
in intensity for Ga,Os3 films. The (400) peak evolution with
increasing T; is evident; intensity of this peak increases while the
peak width is reduced. These observations clearly indicate that the
T, strongly influences the growth behavior and, hence, the
structure of Ga,0s films. The amorphous nature of the set of
Ga,05 films deposited at T; < 500 °C can be attributed to the lack of
sufficient thermal energy to promote structural order. If T is low
such that the period of the atomic jump process of adatoms on the
substrate surface is very large, the condensed species may stay
stuck to the regions where they are landing, thus leading to an
amorphous Ga,0s film. The adatom mobility on the surface
increases with increasing T;. The onset of diffraction peaks in XRD
clearly indicate that 500 °C is the critical temperature to promote
the growth of nanocrystalline Ga,0Os films. For the given set of
experimental conditions, a temperature of 500°C is, therefore,
favorable to provide sufficient energy for Ga,0; film crystalliza-
tion. These results agree with our previous findings, although film
thickness is quite high in this work compared to previous
studies.*¥

3.2. Surface Morphology
The scanning electron microscopy (SEM) images of Ga, 05 films

are shown in Figure 2. The amorphous nature is clear in the SEM
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Figure 2. SEM images of Ga,Os thin films as a function of T,.

images of Ga,0s; films deposited at 300 °C. The images obtained
are similar for Ga,0; films deposited at T, = RT-400°C. A fine
microstructure and uniform distribution of dense particles can
be seen in Ga,0; films grown at T,=500°C. The dense
morphology seen at 500°C is more or less similar until T,
reaches 700°C, where the particle size increases further.
However, it is evident that Ga,0; films deposited at 700°C
exhibit some porous structure although the average size
generally increases with T;. It should be pointed that this trend
is general for oxide films and, earlier, the surface morphology
variation and other properties improvement were observed for
different oxides.l*”% The average grain size increases from 15
to 35 (+2) nm with increasing T;.

3.3. Mechanical Properties

3.3.1. Indentation Load (L)—Penetration Depth (d)
Characteristics

The data of peak indentation load (L)—indentation depth (d) of
the Ga,0s5 films are shown in Figure 3a. Unfortunately, for thin
films, the underlying substrate properties strongly influence the
indentation response, and it is difficult to obtain the intrinsic
properties of nanocrystalline films.*”*") However, nano-inden-
tation measurements are well known, reliable and provides a
simple and quick method for obtaining information about the
mechanical properties of thin films.®”) The reproducibility is
good, but, when the ratio of indentation depth to the film
thickness (d/t) exceeds a critical value, then the measured
mechanical properties are going to be influenced by the
substrate material and it is no longer characteristics of the
coating.!***%%3 Therefore, one needs to identify the penetration
depth by monitoring the phenomena with respect to indentation
load. The critical d/t ratio ~10% is preferred. The results
(Figure 3a) indicate that all the Ga,O; films exhibit the same type
of response to indentation load, that is, an increase in the
indentation depth with respect to the increasing load. The load
was varied from 100 to 2000 wN. At the initial load, that is, at
100 wN, the obtained depth was ~8 to 9nm for all the Ga,0;
films. At 350 wN load, all the Ga,0s films reach the depths ~19-
21 nm which is 10% of the total thickness. Beyond this load (10%
of the total thickness), the variation in penetration depth can be
noted. The penetration depth increases with the increasing
indentation load. The variation is ~36 nm for a variation in T
from RT to 700 °C while the load is constant at 2000 uN. The
Ga,0; film deposited at RT had a higher penetration depth,
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which is ~95 + 2 nm. The data obtained (Figure 3a) indicate that
the penetration depth decreases with increase in T. This is due
to the fact that the measured indenter penetration will be greater
in the case of less dense packed or loosely packed films.”*=* The
penetration depth for Ga,0O3 films deposited at 500-700°C is
almost the same with negligible difference of £2nm. The
penetration depth variation is directly related to structural
evolution of Ga,0s3 films as a function of T;. As revealed by the
XRD and SEM analyses, Ga,0O; films deposited at T,=RT-
400°C are fully amorphous while those deposited at T;=500—
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Figure 3. a) Effect of indentation load on the Ga,0O; films in terms of
indentation depth b) Load—displacement curves of Ga,0Oj; films obtained
at 2000 uN indentation load.
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700°C are nanocrystalline. Therefore, for amorphous Ga,0;
films, the surface is no longer stiffer to resist the penetration of
indentation and, hence, the depth is greater. It should also be
noted that the fully crystalline films with an excellent packing of
atoms are expected to be stiffer and stronger than the films with
the less dense packing of atoms. Therefore, the nanocrystalline
Ga,0; films deposited at T, = 500-700 °C oppose to indentation
resulting in the decrease of penetration depth.

The loading and unloading curves are shown in Figure 3b,
where a typical load vs. displacement curves are shown. The data
shown are obtained at a constant load of 2000 wN. Three
important quantities can be measured from the load vs.
displacement curves: the maximum load (P,), maximum
displacement (h,.x), and elastic unloading stiffness (S), that is,
the slope of the upper portion of the unloading curve during the
initial stage of unloading. The accuracy of the H and E, values
were dependent on how well these parameters can be measured
experimentally. Another important consideration was the final
depth (hf), the indentation depth of penetration after the
indenter is fully unloaded.”® The load versus displacement
curves are different for Ga,0; films deposited under variable T
Notably, the slope varies with T,. Similar to indentation load
versus penetration depth characteristics, the slope variation can
be attributed to the initial amorphous nature and then
amorphous to crystalline transformation of the Ga,Os; films
with increasing T;. However, all the nanocrystalline Ga,0; films
deposited in the range of 500-700°C exhibit the loading and
unloading curves with negligible differences in the slope and
penetration depth.

3.3.2. Effect of Indentation Load (L) on Hardness (H) and
Reduced Elastic Modulus (E,)

The hardness variation of Ga,O; films as a function of
indentation peak load is presented in Figure 4a. It can be noted
that there is a remarkable difference in H values of Ga,0; films
deposited at various T;. For thin films, the measured hardness
varies continuously with the indentation load, penetration depth,
film thickness, and the substrate hardness. In the present work,
the film thickness and hardness of the substrate were kept
constant. Therefore, the variables are indentation load and
penetration depth. Theoretically, H values depend on the (L) and
d.333535657 1) the present case, the data as well as comparison
indicates that the phenomena is dependent on the crystallinity of
the Ga,0; films. It is evident that the H values increase with
increasing T;. This is mainly due to the improved crystalline
nature of Ga,0; films with T increase, as evidenced from XRD
and SEM studies. Note that the hardness is related to the
bonding between the atoms and to the ability of the bonds to
withstand deformation.”*! The data follows the similar trend for
Ga,0; films deposited at T; = 25-100 °C, then H values increase
slightly for Ga,0j3 films deposited at T, = 200400 °C. Therefore,
these films have similar trend and there was noticeable
difference. Finally, for T;=500-700°C, the data shows similar
trend with negligible difference between the values. This
negligible difference is mainly due to the grain size refinement.
For these films, the hardness increases until the critical load
350 N, at which point decreases slightly and remain constant
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Figure 4. a) Effect of indentation load on H; b) Effect of indentation load
on E,.

with minimum variations. This phenomenon is mainly due to
the substrate effects. In practice, in indentation experiments,
penetration depth has to be maximum 10% of the total film
thickness to avoid the substrate effects. Thus, both the L-d and H-
L relationships are in corroboration with the observed differ-
ences in terms of structural changes of Ga,0; films. The E,
variation with load in Ga,0s5 films is shown in Figure 4b, where
similar behavior is also noted in E; data. The E, values gradually
decrease with increasing load. Also, the E, value increases with
increasing T;. Thus, the decreasing E, is due to structural
transformation; E, values of an amorphous material is usually
lower than its crystalline counterpart because of less dense
packing.*%>

3.3.3. H and E, at Critical Load

To obtain the reasonable and reliable H and E, values, the
penetration depth where substrate induced effects can be safely
neglected is important. The evaluation of loading and unloading
curves for the Ga,0; films at 350 wN, is shown in Figure 4. At
350 wN indentation load, there was an optimum displacement
between the loading and unloading curves. The obtained
penetration depth was ~20nm, which is almost 10% of the
total thickness. By considering the above reasons, as well as

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

30 320
=

1300 5

= 7 2.
& % 1280 &
< uf 1 260 §
%ﬂ 2t '} +/ 1240 2
= / "m
P e
- ~

as 1 200 g
&0

A

25 100 200 300 400 500 600 700
Temparature ("C)

Figure 5. Hardness and elastic modulus of Ga,QOj; films.

discussed in previous sections, we can conclude that the
optimum load was 350 wN, where we can get the accurate H and
E, results. The mechanical properties of the Ga,0; films
deposited at 500 °C is investigated first to establish the baseline
properties. This is also for the other reason that, according to
XRD and SEM analyses, the realization of nanocrystalline, p-
Ga,0; films occurs at T,=500°C. The H and E, data of Ga,0;
films are shown in Figure 5. It is evident that the T, and
structural evolution significantly influences the mechanical
characteristics of Ga,0s films. The influence of the grain size on
mechanical properties (H and E,) is complex since the grain
boundaries may either act as obstacles to dislocation slip
(strengthening effect) or provide a positive contribution to the
deformation of the material (softening effect).}**® As a result,
the H values were gradually increased from 17 to 27 GPa for the
Ga,0; films with increasing T; from RT to 500°C and then
remain more or less constant with further increase in T, to
700°C. However, the hardness of Ga,0O; films deposited at
700 °C slightly decreases compared to that obtained for the film
deposited at 500°C. Similarly, the E, values also increase from
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~210 to 290 GPa. The H and E, characteristics follow almost the
similar trend (Figure 5). The observed variation and differences
in the mechanical characteristics of Ga,O; films can be
explained as follows. Nanocrystalline materials, due to their
nano sized grains and high density of interfaces show high
strength and hardness, and many other interesting properties.>*
Therefore, the higher values of H and E, observed are,
undoubtedly, due to the texturing and interface microstructure
of the nanocrystalline, granular Ga,0s3 films. These parameters
(E; and H) are intrinsic mechanical property of a material
dominated by the strength and chemical bonds between
constituent atoms.”*?*% It is well known that the improvement
in the strength of materials is due to its grain refinement. The
role of grain boundaries is enhanced significantly with the
reduction in grain size.’***!! Thus, the E, value of an
amorphous material is usually lower than its crystalline
counterpart because of less dense packing. Therefore, we
believe and conclude that the observed changes in mechanical
properties are mainly due to the microstructure changes in
Ga, 03 films.

3.3.4. Significance of H/E, and H’/E?

In recent years, just hardness is considered as the primary
requirement for wear resistance. In addition to H, elasticity and
toughness are also regarded as important factors.*”! Therefore,
combined analysis and consideration of H/E, and H*/E,* along
with H and E, has been proposed as realistic means to derive a
better understanding of the mechanical behavior of nano-
materials, especially nano-composite thin films and coatings.'*
From the measured values of H and E,, H/E,, and H / E? can be
calculated. The H/E, and H’/E,” data of Ga, 05 films is presented
in Figure 6. The ratio between H and E, is referred as plasticity
index (sometimes it is also indicated as coating durabil-
ity),2%333763 \which is widely accepted as a valuable measure-
ment for determining the limit of elastic behavior of the thin
films. This ratio is important to avoid wear. The term H’/E,”

024 |
021 (c)
o L
1= 018
> u
T 015} 5
R™=0.98026
0.12 |
0.09 |

16 18 20 22 24 26 28

Hardness, H (GPa)

Figure 6. The effect of T, on: a) H/E, and b) H*/E?values. c) Linear relationship between H*/E? and H as noted in Ga,O5 films.
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should be a reliable indicator of a coating’s resistance to plastic
deformation and referred as toughness.!**! In this case, the two
parameters (H/E, and H’/E,%) values and their trends will be
helpful for the clear understanding the intrinsic Ga,O3 films
mechanical behavior, especially for their integration in high-
temperature sensors to be operated under extreme environ-
ments.* The data obtained for Ga,05 films (Figure 6a) indicate
that most of the films exhibit H/E, <0.1. Note that the Ga,03
films deposited are ceramics; therefore, H/E, ratio is expected to
be less than 0.1.°% The H, | E, ratio for the nano-crystalline Ga,0;
films is 0.085 % 0.05 and almost constant. The H*/E,* data for
Ga,0; films are presented in Figure 6b. The H?/E,* data exhibits
the similar trend as noted for H/E,. The values are in the range of
~0.1-0.3 GPa. The H’/E,” values were gradually increased from
0.17 to 0.24 + 1 GPa for the crystalline Ga,0j3 films. This is due to
the variation in the grain size of these films, as explained in the
previous section. Ga,03 films deposited at 500°C exhibit the
highest value of H*/E,” which is ~0.23 4 0.01. The H?/E,? ratio
is the indication of the coating resistance to plastic deformation.
Therefore, higher the ratio higher the resistance to deforma-
tion.**%”! Therefore, the H/E, and H>/E* indicate that Ga,0;
films deposited at 500°C with a characteristic nano-crystalline
and dense morphology exhibits the highest deformation
resistance or toughness.

We believe that the superior mechanical characteristics of
nanocrystalline Ga,0s3 films is derived from the interconnected
network of densely packed, smaller crystallites. Thus, a simple
model can be formulated to explain the observed functional
relationship between the mechanical characteristics (H and E))
and structure in nanocrystalline Ga,0; films. Evident from the
results, the H, E, H/E, and H/E depend on the structural
quality and grain size. XRD and SEM results evidenced that
Ga,0; films deposited at RT are completely amorphous. In fact,
all the films deposited at T;<500°C are amorphous. It is,
therefore, reasonable to attribute the observed low mechanical
quality or lower values of H, E, H/E, and H*/E? to a very low
packing density in the Ga,0; films. These films, which are
characterized by a structural disorder may be causing a decrease
in mechanical characteristics. However, the initial improvement
or increase in H, E, H/E, and H?/E.* values when Ga,0s films
deposited within range of 300-400°C is due to a slight
improvement in the structure, but still mostly the amorphous
structure is dominating. However, the structural transformation
from amorphous-crystalline Ga,0s3, as noted in XRD and SEM
measurements, enhances the mechanical characteristics. There-
fore, we believe that improved structural order results in the
formation of a dense network of nanocrystals leading to an
enhancement in the packing density. This characteristic change
in structure results in the observed enhancement in H, E,, H/E,
and H?/E?. Furthermore, in nanocrystalline Ga,0; films, the
nanostructure is characterized by a dense, randomly oriented
nanocrystals.[*? Musil et al. have defined the parameter (H*/E,?)
as the resistance to plastic deformation and demonstrated a
general, linear relationship between H/E,* and H for many
coatings for mechanical and tribology applications./*>*® Fur-
thermore, using nano-indentation and nano scratch testing,
Beake et al.** have also demonstrated such linear relationship in
TiN/Si3N, composites. Therefore, an attempt has been made in
this work to examine the H/E? verses H relationship. The
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variation of H® /Er2 with H for the Ga,0O; films is shown in
Figure 6¢c, where it can be seen that the data fits approximately to
a linear relationship. Perhaps, the nanocrystalline Ga,0; films
may be equivalent of a composite structure by virtue of
nanocrystallites embedded in slightly porous structure.

3.3.5. Strain-Rate Experiments at Specific Indentation Load

Further examination of the mechanical characteristics is
evaluated by indentation strain rate also called as equivalent
strain rate. Mayo and Nix”! developed a nanoindentation
method for the determination of strain rate sensitivity (SRS) on a
submicron level by controlling the loading rate.*”®l The
indentation strain rate was determined from the depth-time
data for a given range of indentation depth. According to Mayo
and Nix, the indentation strain rate can be derived from the
concept of true strain. Approximating the specimen length by
the indentation depth and assuming the hardness to be

independent from the indentation depth, this can be estimated
25:167:69-71]

d(InH)

Mnanoindentation = d(lna')

()

where m is the SRS exponent, which describes the SRS behavior
of the material assuming a constant microstructure.

1P
=

/

(6)

where, the loading rate (P) and applied maximum load (P), in
other words ratio of the indenter displacement velocity to the
plastic depth.

Loading rates and equivalent strain rates are directly
proportional to each other, as can be seen from equation. (above
equation). The hardness variation with equivalent strain rate for
Ga,0; films is shown in Figure 7. To evaluate the strain rate

33
== RT
— 30 L -0-300"°C
nﬂ: == 500 "C
700°C
9 27 L . -
= —
&£ 24f
N
=
= 21
S
]
= 18 1 /-\-\.
15 L L L L L L

0.0 0.2 0.4 0.6 0.8 1.0
Equivalent Strain Rate (S-l)

Figure 7. Variation of hardness with equivalent strain rates at constant
load of 350 uN.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

" NV 700 °C
% M m 600 'C
& A 500 °C
-§ ar™ 400 °C
g N e 300 °C
2 AT 200 °C
S ALT 100 °C

MIZO nm RT

Figure 8. Scratch testing profiles of Ga,05 thin films. Depth profiles for
Ga,0;5 thin films deposited at various T are shown. It is evident that the
depth is higher in amorphous Ga,0j; films.

dependence of the hardness, seven different indentation strain
rates (0.05, 0.07, 0.10, 0.16, 0.25, 0.50, and 1.00 s_l) were applied
during the nanoindentation. The average H values measured at
different strain rates were performed at specific load conditions,
that is, 350uN. The trend clearly shows a distinct and
experimentally detectable effect of indentation strain rates.
For Ga,0; films deposited at RT, the H values are continuously
decrease due to the amorphous nature. However, the nano-
crystalline Ga,03 films showed negligible change. The strain
rate sensitivity (m) is the materials resistance to prevent necking
during the deformation of a material.”*”* The measured m
values were 0.017, 0.013, 0.011, 0.013 for RT, 100, 300, 500, and
700 °C, respectively. It can be observed clearly that the substrate
temperature and, hence, the microstructure significantly
influences the strain rete sensitivity of the Ga,0s films.

400 °C -

www.aem-journal.com

3.3.6. Adhesion and Interfacial Bonding—Scratch Testing

Scratch resistance is one of the most critical parameters
required for thin films coatings, such as automotive topcoats,
floor coatings, and optical components.*®”*7> Because most of
the coatings encounter a wide range of mechanical stresses
during their working lifetime, scratch test is one of the most
prominent and widely accepted methods to evaluate the
adhesion strength between the thin, hard coatings and
substrates.”®””! The depth profiles and scratch test results of
Ga,03 films are presented in Figure 8 and 9, respectively. The
data reveal that the Ga,0; films deposited at 500 °C exhibit the
best interfacial bonding interms of depth profile, that is, 67 nm
after the performance of scratch test (Figure 8). The scratch test
was performed in such a way that, when the cohesive failure
occurs, the area around the scratch deforms while the rest of the
film remains undamaged.**”#! It is important to recognize that
the nanocrystalline Ga,0j; films do not exhibit any delamination
other than pile up deformation. The depth (Figure 8) profiles
show the cross-section of the films at the maximum applied
force along the scratch. The negative scratch depth means that
the indenter is located above the initial sample surface, and
positive depth indicates the indenter is moved below the initial
surface. The nano-scratch was performed in ramping mode,
where the normal force is increasing along with the scratch X-
direction. The lateral force applied on the tip by deforming
material could also be used to determine plastic properties of
the films. However, it was determined that a cross-section
profile of the scratch when 8000 wN force is applied better
demonstrate the deformation mechanisms. Evidently, the depth
profile cross-sections obtained at the maximum 8000 N force
exhibits that the scratch depth was continuously decreasing
with increasing crystallinity. This behavior matches with the H
behavior shown in Figure 4. The depth profiles were almost
constant for the films with minimal variation, that is, all the

Figure 9. Scratch testing data of Ga,O; films, surface images after scratch test are shown.
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films lied between 67 to 74 nm which is following the H*/E,
trend. As discussed, the H’/E ratio is proportional to the
coating resistance to plastic deformation, which indicates
higher the ratio higher the deformation resistance. Also, it
should be noted that nano-scratch (Figure 9) tests showed
material pile-up, but no evidence of channel cracking or
delamination of the films was observed.

4. Summary and Conclusions

The Ga,03 nanocrystalline thin films were sputter deposited
onto Si (100) by varying the substrate temperatures from RT to
700°C. The effect of T, on the crystal structure, surface
morphology and mechanical characteristics of Ga,O5 films is
investigated. The results indicate that Ga,0Os films deposited at
T,=RT-400°C were amorphous and those deposited at
T, >500°C were nanocrystalline with a stable p-phase. The
nanocrystalline Ga,0; films exhibit excellent mechanical
properties. The hardness increases from 17 to 27 GPa and
elastic modulus from 250 to 290 GPa with increasing T, from RT
to 700°C. The superior mechanical characteristics of nano-
crystalline Ga,0; films deposited at 500 °C are derived from the
interconnected network of densely packed, nano-crystallites. The
enhanced H, E, H/E, and H*/E,* values suggest that the nano-
crystalline Ga,0; films deposited at 500-600°C are ideal for
integration into energy related applications, where extreme or
tough conditions exists. The functional relationship between
microstructure and mechanical behavior of Ga,0; films can
serve as a road-map to produce materials for desired
technological applications.
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